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The mechanisms that sustain stem cells are funda-
mental to tissue maintenance. Here, we identify
‘‘cell islands’’ (CIs) as a niche for putative germ and
somatic stem cells in Botryllus schlosseri, a colonial
chordate that undergoes weekly cycles of death
and regeneration. Cells within CIs express markers
associated with germ and somatic stem cells and
gene products that implicate CIs as signaling centers
for stem cells. Transplantation of CIs induced long-
term germline and somatic chimerism, demon-
strating self-renewal and pluripotency of CI cells.
Cell labeling and in vivo time-lapse imaging of CI cells
reveal waves of migrations from degrading CIs into
developing buds, contributing to soma and germline
development. Knockdown of cadherin, which is
highly expressed within CIs, elicited the migration
of CI cells to circulation. Piwi knockdown resulted
in regeneration arrest. We suggest that repeated
trafficking of stem cells allows them to escape con-
straints imposed by the niche, enabling self-preser-
vation throughout life.
INTRODUCTION
Botryllid ascidians (e.g., Botryllus schlosseri, Botrylloides leachi)
are colonial marine protochordate organisms that are composed
of up to several thousands of genetically identical individuals,
called zooids (Figures 1A and 1B). Each zooid is 2–3 mm long
and is embedded within the tunic, a semitranslucent gelatinous
matrix. Groups of zooids are arranged in systems connected
to each other through a delicate one-cell-thick vasculature of
extracorporeal blood vessels that terminate in ampullae, pear-
shaped extensions that fringe the colony (Figures 1A and 1B).
Once the planktonic tadpole-like larvae have settled and
metamorphosed into the first founder zooid, a colony grows
through weekly and synchronized cycles of asexual stages of
development, called blastogenesis (Manni et al., 2007). Blasto-76 Developmental Cell 24, 76–88, January 14, 2013 ª2013 Elsevier Ingenesis occurs in four major stages, A–D, during which new
buds (1–3) emerge from the body wall of each parental zooid
(Figure 1C). In a few days, the simple bud, through several stages
of evagination and invagination of complex cellular assemblies,
forms organs as distinct and diverse as a two-chambered heart,
a gill slit, a complete gastrointestinal system, a neural network,
10 morphological different blood cell types, and so forth. Each
blastogenic cycle ends in a massive apoptotic and phagocytic
event of all parental zooids, concurrent with rapid development
of primary buds to the adult zooid stage (blastogenic stage D,
also called ‘‘takeover’’; Lauzon et al., 1992).
Several observations indicate that colonial Botryllid ascidians
harbor germ and somatic stem cells that propagate throughout
the life of the animal. Botryllid ascidians can regenerate whole
organisms equipped with a reproductive system from experi-
mentally separated blood vessels (Oka and Watanabe, 1957,
1959; Sabbadin et al., 1975; Rinkevich et al., 1995; Voskoboynik
et al., 2007; Brown et al., 2009), a process termed ‘‘whole body
regeneration’’ (WBR) and thought to be mediated by circulating
populations of stem cells. Additional evidence comes from
colony fusions: in these events, two or more individuals or colo-
nies that are adjacent undergo interactions between tunic
vessels of each, which can result in vascular anastomoses and
sharing of blood (chimera formation). If the colonies are histo-
compatible, the anastomoses can result in somatic cell and
germline stem cell mixing and competition, wherein stable
chimeras or heritable dominant ‘‘winners’’ outcompete ‘‘loser’’
stem cells, called parasitism (Sabbadin and Zaniolo, 1979;
Pancer et al., 1995; Stoner and Weissman, 1996; Stoner et al.,
1999). Similar chimerism can be induced in recipient colonies
by transplanting prospective isolated circulating cells, or stem
cells, between genetically distinct colonies, further providing
evidence that circulating adult stem cells, the origins of which
are unknown, are the cells responsible for a stable long-term
chimerism in B. schlosseri (Laird et al., 2005). Thus, stem cells
can mediate organogenesis in a single organism for life, as in
humans, or can be responsible for cycles of weekly generation
of clonal progeny wherein the life of the colony that they sustain
is long but the lives of individuals that make up the colony are
short.
Recently, we have found that the anterior ventral area of the
endostyle (the ciliated feeding hypobranchial groove that linesc.
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Figure 1. The Anatomy and Developmental
Cycle of Botryllus schlosseri
(A) A Botryllus schlosseri colony composed of
a system of eight zooids (zo) and developing buds
(bd), fringed at the periphery by blood vessel
termini called ampullae (am).
(B) High power magnification of a Botryllus
schlosseri colony. Each adult zooid houses
a feeding branchial grove, termed endostyle (en),
along with several lateral blood cell aggregates
(termed ‘‘cell islands’’ [CI]) within CI niches.
(C) Colonies of botryllid ascidians grow through
weekly cycles of development termed blasto-
genesis. Each blastogenic cycle is composed of
four major stages (A–D), during which new buds
emerge from the body wall of each parental zooid.
Each blastogenic cycle ends in a massive
apoptotic and phagocytic event of all parental
zooids concurrent with fast development of
primary buds to the adult zooid stage (stage D,
also called ‘‘takeover’’). Scale bars, 100 mm; bs,
branchial sac; st, stomach; in, intestine.
Developmental Cell
Adult Stem Cells Cycle between Nichesthe pharyngeal midline ventral floor of the adult zooid) and cells in
the subendostylar sinus beneath it harbor somatic stem cells
that can contribute to a wide range of developing tissues (the
EN niche; Voskoboynik et al., 2008). However, the long-term
fates of these stem cells and whether stem cells are consumed
by the colony-wide apoptotic event (the weekly takeover stage
of blastogenesis), or able to evade it, are unknown. If stem cells
are able to evade the apoptotic stage by repeatedly cycling, this
may ensure their self-preservation throughout the organism’s life
and provide a paradigm for the maintenance of adult stem cells,
as most adult stem cell systems (somatic and germline) are
regarded as sedentary.
Here, we have characterized a distinct niche for germline and
somatic stem cells in cell aggregates that laterally line the adult
endostyle (termed ‘‘cell islands’’ [CIs]; Figure 1B). We reveal
cyclic and long-term migrations of these putative stem cells
that colonize CIs in developing buds, reconstituting both
soma and germline in each following blastogenic generation
of zooids.
RESULTS
The Endostyle and CIs Highly Express Stem-Cell-
Associated Markers
To characterize molecular expression signatures of the endo-
style and its surrounding cells (Voskoboynik et al., 2008), weDevelopmental Cell 24, 76–88searched three expressed sequence tag
(EST) libraries from B. schlosseri (Oren
et al., 2007) and Botrylloides leachi
(Rinkevich et al., 2007a, 2008). We used
an array of mRNA probes with sequence
specificity to Botryllus/Botrylloides and
polyclonal antibodies (most of which
were raised againstBotryllus/Botrylloides
sequences or bound specific cellular
components) to detect gene products
unique to the endostyle and its adjacentcells, which are implicated in developmental regulation, stem
cell maintenance, and cellular differentiation in other model
systems (n = 31; Table S1 available online). Different zones within
the endostyle showed specific gene expression combinations.
The anterior ventral zone 1 (z1) expressed phosphorylated
Smad2 (Figure S1A, red arrow), indicating active transforming
growth factor b family signaling; b-catenin (Figure S1B, red
arrow), indicating potential Wnt signaling; and Piwi, a germ/
somatic stem cell marker (Figures S1C and S1D, red arrows).
Proliferating cell nuclear antigen (PCNA; Figure S1E, red arrows)
was expressed within all endostyle zones except z1, suggesting
that cells within z1 and the sinus beneath it are slow dividing.
Zone 2 (z2) cells expressed protein kinase C (PKC) (Figure S1F,
red arrow). Zones 3 and 5 (z3 and z5) contained cells that were
peroxidase positive (Figure S1G, red arrows). Zone 4 (z4) ex-
pressed the von Willebrand factor (vWF) (Figure S1H, red
arrows; as well as z2, z6, and z8 [Oren et al., 2008]) and b-cate-
nin in a strip of midline cells (Figure S1B, black arrows). Zone 6
(z6) expressed the homeodomain transcription factor and plurip-
otency gene Oct4 (Figure S1I, red arrows), the signal transduc-
tion and activator of transcription (STAT) (Figure S1J, red
arrows) from the JAK/STAT signaling pathway, and representa-
tives of the retinoic acid (RA) signaling pathway, including RA
receptor (RAR) (Figure S1K, red arrows), the retinaldehyde dehy-
drogenase-related gene (Raldh) (Figure S1L, red arrows), and
RA-inducible protease (Trsp) (Figure S1M, red arrows). Zones 7, January 14, 2013 ª2013 Elsevier Inc. 77
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Figure 2. Molecular Profile of the Endostyle CIs
(A–T) In situ hybridization and immunostaining on transverse sections of the endostyle organ and CIs (red arrows): Piwi (A and B); Alkaline-phosphatase enzyme
activity (C); Vasa (D); Pl10 (E); PCNA (F); FGFR (G);MAPK (H);Mnk (I); Rap1A (J); Rab33 (K); Slit (L); pSmad 1/5/8 (M); STAT (N); PKC (O); RACK (P); Cnot (Q); Bax
inhibitor (R); Cadherin (S); Ficolin (T). Scale bars, 100 mm.
(U) An illustration of a transverse section through the endostyle and CIs, with a summary of the expression patterns of genes (U). The endostyle contains eight
major epithelial zones (1–8) and is bathed in large blood sinuses which harbor several pairs of compact, blood cells aggregates (CIs).
See also Figure S1 and Table S1.
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Adult Stem Cells Cycle between Nichesand 8 (z7 and z8), both of which are sites of iodine concentration
and metabolism for thyroid hormone synthesis (Ogasawara
et al., 1999; Hiruta et al., 2006), were not marked by any of the
stem cell and developmental markers analyzed but showed
the ubiquitous expression (z1–z8) of the anti-apoptotic gene
(Bax inhibitor; Figure S1N, red arrows) and the structural
proteins actin (Figure S1O, red arrows), laminin (Figure S1P,
red arrows), b-catenin (Figure S1Q, red arrows), and cadherin
(Figure S1R, red arrows), which were expressed lengthwise
along the endostyle groove.
Adult zooids harbor several pairs of compact blood cells
aggregates (each termed CI here), situated lengthwise along
the endostyle groove (Figures 1A and 1B) in a ventral plane to
the EN (Voskoboynik et al., 2008). Each CI is composed of
a few hundred various cell types, small and large, elongated
and circular cells, single and multinucleate cells, all con-
nected to each other through a mesh of cellular extensions,
forming a globular to lengthened CI (Figure S2). Each CI is
surrounded by circulating cells and encased within the sinus
epithelium (termed here the CI niche) that connects the CI niche
to the EN.
We foundmarkers associated with germline and somatic stem
cells within the CIs (Figure 2; Table S1). These include Piwi
(Figures 2A and 2B, red arrows; also documented in Botrylloides
violaceus [Brown et al., 2009]); alkaline-phosphatase activity78 Developmental Cell 24, 76–88, January 14, 2013 ª2013 Elsevier In(Figure 2C, red arrows); the germline marker Vasa (Figure 2D,
red arrows); its closely related DEAD-box RNA helicase Pl10
(Figure 2E, red arrows), which is highly expressed in differenti-
ating tissues (Rosner et al., 2006); and PCNA (Figure 2F, red
arrows), indicating CIs as candidate niches for stem cells and
active sites for cell division. This localized expression was in
contrast to low expression of stem-cell-associated markers in
other zooidal organs, developed buds, or the circulatory system,
except for the gonads (Brown and Swalla, 2007; Brown et al.,
2009; Rosner et al., 2009). CIs also expressed genes indicative
of an active signaling microenvironment, e.g., fibroblast growth
factor receptor (FGFR) (Figure 2G, red arrows);MAPK (Figure 2H,
red arrows); the MAP kinase signal-integrating kinase (Mnk;
Figure 2I, red arrows);Rap1A (Figure 2J, red arrows);Rab33 (Fig-
ure 2K, red arrows) from the Ras oncogene family; Slit (Slit/Robo
signaling pathway implicated in both axonal guidance and
mouse hematopoietic stem cell niches; Figure 2L, red arrows);
phosphorylated Smad1/5/8 (Figure 2M, red arrows), indicating
active bone morphogenetic protein (BMP) signaling; and/or the
STAT (JAK/STAT signaling pathway; Figure 2N, red arrows) in
a subset of cells within CIs. Both PKC (Figure 2O, red arrows)
and the receptor for activated PKC (RACK) (Figure 2P, red
arrows) are expressed within CIs, as well as the zinc finger tran-
scription factor Cnot (Figure 2Q, red arrows); the antiapoptotic
gene (Bax inhibitor 1; Figure 2R, red arrows); the cell adhesionc.
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Figure 3. Putative Stem Cell Migrations to Developing CIs and the Germline
(A–A00 0) Fate of labeled EN cells is shown. In (A)–(A00 0), the endostyle is outlined by a dotted line. Representative Vybrant DiD labeling (665 nm emission spectra) of
20-60 EN cells (red) of a colony at blastogenic stage B (A). Labeled cells proliferate within the interzooid sinuses and migrate to developing buds during blas-
togenic stage B (A0) and throughout stage C (A00). Mature primary bud replacing the old generation zooid on blastogenic stage D; labeled cells are detected within
the new generation of zooids sinuses and in CIs (dotted circles in A00 0) lateral to the endostyle (A00 0, red).
(B–D00 0) Fate of labeled CI cells is shown (white arrows). Representative label of 10–50 cells from the anterior CI, within a colony at blastogenic stage B (B, white
arrows). During blastogenic stages B and C, labeled cells appear within posterior CIs and on both lateral sides within the same zooid (B0 and B00, white arrows; two
representative zooids 3 days following CI labeling). Following ‘take-over,’ labeled cells reappear in newly developed CIs (B00 0, white arrows; 6 days following CI
labeling). Labeled oocytes (C–C00 0, D, and D0, white arrows) and testis (D00 and D00 0, white arrows) within the gonads of a subsequent generation, 10 days following
initial label. Dotted lines in (B)–(B00 0) outline the endostyle groove.
(E) Schematic illustration of the zooid anatomy as seen in cross sections in (C) and (D).
In vivo imaging (A–C00 0); frozen sections (D–D00 0). Longer exposure times were used to detect and image the descendent of the EN/CI Vybrant DiD-labeled cells—
compare (A0 )–(A00 0 ) and (B0)–(C00 0) to (A) and (B). Scale bars, 100 mm. am, ampullae; bd, primary bud; bv, blood vessel; en, endostyle; oo, oocyte; ts, testis; zo, zooid.
See also Figure S2, Table S2, and Movie S1.
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Adult Stem Cells Cycle between Nichesprotein cadherin (Figure 2S, red arrow); and an ortholog of the
ficolin gene containing a fibrinogen domain, which showed
a heightened expression in immunologically challenged colonies
(Figure 2T, red arrow; Oren et al., 2008). The possibility that CIs
coexpress components from multiple signaling pathways (Fig-
ure 2U), including FGF, BMP, JAK/STAT, Ras oncogene, and
Slit/Robo family members, is consistent with, but not proof of,
a microenvironment for germline and somatic stem cells. These
markers encouraged us to study the biological and transplanta-
tion properties of the CIs and the possibility of its long-term repo-
pulation capacity in detail.
Migratory Routes andHomingPatterns of CI Cells In Vivo
We used in vivo cell labeling and time-lapse imaging to track and
follow the migration patterns of resident CI cells. At early blasto-
genic stage A, a CI niche harbors an average of 2,710 ± 174 cells.DeveThen, cell numbers within CI niches decrease concomitant with
development to 2,480 ± 88 cells at stage B, to 1,870 ± 142 cells
at stage C, to 830 ± 57 cells during early stage D, and eventually
emptying the aged CI niches before their degeneration as stage
D progresses. During stage D, we noticed a simultaneous surge
of cells into newly formed CIs and CI niches of the next genera-
tion of buds. In vivo imaging demonstrated a gradual abandon-
ment of cells from existing CIs via the surrounding blood sinus
as blastogenesis progressed (Figure S2;Movie S1). Immunhisto-
chemistry of CIs showed a clear quantitative decline of Piwi+ and
Vasa+ cell numbers within CIs as blastogenesis progressed, with
a steep drop in cell numbers preceding the takeover stage:
40 Piwi+ cells, 60 Vasa+ cells during stage A, to 4 Piwi+ cells,
20 Vasa+ cells during early stage D.
Next, we labeled groups of 20–60 cells from the EN niche
(Vibrant Did, 665 nm emission spectra; Figure 3A; Table S2)lopmental Cell 24, 76–88, January 14, 2013 ª2013 Elsevier Inc. 79
Developmental Cell
Adult Stem Cells Cycle between Nichesand followed their migration in vivo for up to 9 days through-
out the whole blastogenic cycle. Labeled cells dispersed
during blastogenic stages A–C throughout the zooid sinuses,
proliferated, and migrated toward developing tissues of the
colony including primary and secondary buds (Figures 3A0
and 3A00), in agreement with previous results (Voskoboynik
et al., 2008). In the developing primary buds, labeled cells were
mainly detected in the sinuses and in CIs on contralateral sides
of the newly formed endostyle (Figure 3A00 0). At 30 hr following
labeling, cells from the EN lost 80% of their fluorescence inten-
sity. High numbers of low-intensity labeled cells in the sinuses
and CIs indicated the high proliferative potential of original EN
niche labeled cells. We then labeled 10–50 cells in situ from
a single anterior CI (Vibrant Did, 665 nm emission spectra 1–2
CI per zooid; Figure 3B, outlined by a dotted circle) and tracked
cell locations andmigrations using time-lapse microscopy for up
to 14 days (Table S3). Within 3 days, labeled cells migrated from
anterior to posterior CIs, to CIs on both sides of the endostyle,
and to CIs in neighboring zooids (Figures 3B0 and 3B00, white
arrows; Table S3). During early blastogenic stage D, labeled cells
vacated aged CIs and were observed colonizing CIs within the
new generation of buds (Figure 3B00 0, white arrows, 6 days
following labeling; Table S4). As new buds matured (10 days
postlabeling), we found labeling within the germline, both in
immature and mature oocytes that were situated within the
brooding pouch (Figures 3C–3C00 0, white arrows) as well as
in the testis (Figures 3D–3D00 0, white arrows). Control groups
(n = 3), injected with 10–50 labeled circulating blood cells (taken
from colonies at blastogenic stages A–C), did not show any cell
expansions within recipient colonies or labeling within CIs or the
germline.
To further characterize the long-term cycling of candidate
stem cells between niches, we transplanted cells that were
labeled with DiI ex situ (to circumvent the possibility of DiI
leakage). Cells were drawn from the EN niche of blastogenic
stage C colonies (13 zooids), labeled, and then introduced
back into peripheral ampullae of subcloned colonies (n = 16)
and followed for up to four blastogenic cycles. Labeled cells
circulating within the vasculature (Figures 4A–4A00) fully engrafted
CIs of newly developed zooids within 6 to 10 hr following infu-
sion. In addition, labeled cells colonized multiple tissues
including the branchial sac, ampullae, and siphon of recipient
colonies in cell foci, maintaining their presence there throughout
blastogenesis. During stage D, a surge of labeled cells migrated
into the primary buds and reconstituted CIs and CI niches on
both contralateral sides of the newly formed endostyle (Fig-
ure 4B, second cycle). The migration into developing CIs and
CI niches occurred at every blastogenic cycle (Figure 4B0, third
cycle) and was documented throughout four blastogenic cycles
(Figure 4B00, fourth cycle). Labeled cells within CIs gradually lost
their fluorescence intensity, most likely due to cell proliferation
(see Figure 4B versus 4B0 and 4B00), and were undetectable after
four blastogenic cycles. With each blastogenic cycle, similar
migratory routes were established by CI cells into the branchial
sac, ampullae, and siphons of developing buds (Figures
4C–4C00 00), a subset of which repeatedly reconstituted new CIs,
as buds matured. Labeled CI cells that maintained foci within
the siphon, branchial sac, and ampullae did not express stem-
cell-associated genes (Figures 4D–4D00 00). Again, we found that80 Developmental Cell 24, 76–88, January 14, 2013 ª2013 Elsevier Incontrol groups of labeled circulating blood cells, taken from
the vasculature of colonies at blastogenic stages A–C (n = 3),
did not migrate to CIs, remained within the circulation, and
subsequently vanished from host colonies within a few blasto-
genic cycles.
Labeled blood cells that were taken from the vasculature of
stage D colonies (a stage where stem cell mobilization is at its
highest), engrafted CIs within 6 to 10 hr following transplantation
(Figure S3). This observation is consistent with our hypothesis
that self-renewing cells engage in migration during blastogenic
stage D and suggests the presence of a cell-intrinsic cue (or
cues) that guides stem cells to CIs. In vivo time-lapse imaging
of labeled cells taken from blastogenic stage D during 18 days
(three consecutive blastogenic cycles) revealed similar surges
of engraftments into CIs taking place during stage D within
6–10 hr from infusion (Figures S3C and S3D). Labeled cells taken
from stage D that migrated into CIs expressed Piwi (Figures
S3E1–S3E5), Vasa (Figures S3F1–S3F5), and Pl10 (Figures
S3G1–S3G5). In addition, a subset of cells expressed FGFR
(Figures S3H1–S3H5) and Smad1/5/8 (Figures S3I1–S3I5), indi-
cating presence of FGF and BMP signaling within the niche,
and cadherin protein (Figures S3J1–S3J5). These outcomes
are consistent with previous observations in which experimen-
tally separated blood vessels from colonies of Botryllus schlos-
seri successfully regenerate, only if amputated during stage D
(Voskoboynik et al., 2007). It also suggests that stem cell mobi-
lization into the vasculature and/or its rate may be a prerequisite
for successful generation/regeneration to take place.
Although we are technically unable to determine the identity of
the specific cells within CIs that have repopulating activity, these
experiments demonstrate that CIs harbor cells which (1) migrate
from EN; (2) maintain long-term repopulation capacity, docu-
mented here for up to four consecutive colony generations; (3)
contribute, in each blastogenic cycle, to multiple tissue sites
within the colony; (4) contribute to the germline; and (5) are the
cells of origin for new CIs and, most likely, all future CIs.
Transplantation of CIs Induces Long-Term Germline
and Somatic Cell Chimerism in Host Tissues
Independently, we evaluated the ability of CI cells to induce long-
term chimerism following their transplantation into genetically
distinct colonies. Cells from 1–3 CIs were transplanted into
recipient colonies (Table S4). Equal cell numbers from the colony
vasculature (including ampullae) served as a control group. Both
somatic and germline tissues (if sexually mature) were harvested
after 2–4 months (up to 16 blastogenic cycles) following trans-
plantation. Chimerism was assayed using amplified fragment
length polymorphism (AFLP) or microsatellite analysis, which
identifies donor genetic markers in recipient tissues. Chimerism
was determined when the genetic fingerprints of the donor were
identified in the host, either exclusively or with host fingerprints.
Engraftment of donor CIs into sexually mature recipient colonies
led to 100% of recipient colonies showing some chimerism (3/3),
with 43% chimerism detected in somatic tissues (10 of 23
somatic DNA samples) and 84% chimerism detected in germline
tissues (11 of 13 germline DNA samples; tested by AFLP; Figures
5A and 5B; Figure S4; Table S4), whereas recipient colonies that
were injected with equivalent cell numbers from the vasculature/
ampullae showed no sign of chimerism at either sampling datesc.
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Figure 4. Repeated, Long-Term Cycling of CI Cells between Niches
(A–A00) A colony of Botryllus schloserri following infusion of DiI-labeled cells that were taken from EN niches and transplanted to vasculature: (A) bright-field; (A0)
fluorescence image; (A00) high power image of box in (A0). Allografted cells migrate within the vasculature are shown in (A00).
(B–B00) Following takeover, labeled cells reconstitute the CIs in developed buds (B, 2nd blastogenic cycle). Repeated, long-term repopulations of CIs are observed
following each new blastogenic cycle (B0, 3rd blastogenic cycle) and (B00, 4th blastogenic cycle).
(C–C00 00) During each cycle, CI cells colonize the branchial sack (C and C 0, dotted circles), ampullae (C00 and C00 0, white arrows), and siphon (C00 00, dotted lines).
(D–D00 00) Pl-10 protein colocalizes with the somatic progeny from transplanted CI cells (D–D00 00). The fluorescent DiI label is brighter compare to the colonial natural
fluorescent background (501nm and 565nm emissions spectra).
Scale bars, 100 mm. See also Figure S3 and Table S3.
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Adult Stem Cells Cycle between Niches(Figure S4; Table S4). Moreover, in all recipient colonies that
have been transplanted with CI cells but which did not develop
gonads by the time of sampling, chimerism was completely
absent (Table S4). While not proving a common precursor to
germline and somatic lineages, these outcomes establish the
place of origin for germline stem cells within the CIs.
Knockdown of Cadherin and Piwi
Labeled cells transiting the colony circulation during stage D, ex-
pressed Piwi (Figures S5A–S5E), Vasa (Figures S5F–S5J), andDevePCNA protein (Figures S5K–S5O), similar to their expression
patterns within CIs but showed minimal cadherin expression, if
any (Figures S5P–S5T). To test whether downregulation/
expression of cadherin might play a functional role in the
retention of cells to CIs or their retrafficking into the colony circu-
lation, we knocked down cadherin using sequence-specific
siRNAs (Rosner et al., 2007).
Ten days of cadherin RNAi administration resulted in
cadherin protein level reduction (Figure 6A; Rosner et al.,
2007) and disorganized morphology of the endostyle and CIslopmental Cell 24, 76–88, January 14, 2013 ª2013 Elsevier Inc. 81
A sg*ss*g*g*g*g*g*s*DDRR sg*ss*g*g*g*g*g*s*DDRRB Figure 5. Transplantation of CIs Induces
Long-Term Germline and Somatic Cell
Chimerism in Recipient Colonies
(A and B) Two representative gels showing the
AFLP genetic fingerprints of naive recipient (R) and
donor (D) colonies prior to their transplantation,
and genetic fingerprints of DNA samples taken
from both germline (g) and somatic tissues (s) from
recipient colonies 86 days following trans-
plantation of cells from 3 CIs. Asterisk indicates
the presence of donor fingerprints in recipient
tissues (chimerism). Arrows indicate AFLP bands
that differ between the recipient and the donor
colonies. To ensure consistency of AFLP finger-
prints and detection of chimerism, two different
AFLP’s primer sets were used (A and B); both
revealed the same results.
See also Figure S4 and Table S4.
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Adult Stem Cells Cycle between Niches(Figure 6B). The endostyle appeared loose, with scattered
cells (3–4 mm in diameter; Figures 6A and 6B, arrowheads)
mainly at the endostyle ventral lip, which expressed PCNA
(Figure 6C, arrowheads) and Oct4 (Figure 6D, arrowheads).
CIs appeared empty (Figures 6E–6H) compared to control colo-
nies (Figures 6E0–6H0), with minimal Piwi+ (Figure 6E), Vasa+
(Figure 6F), and Pl10+ (Figure 6G) cells, and reduced expres-
sions of Smad1/5/8 (Figure 6H) and FGFR (Y.R., personal
observations). We then checked whether vacancy of CIs
resulted from putative stem cells retrafficking to the circula-
tion and found abundant Piwi+ (Figures 6I1–6I3, arrowheads),
Vasa+ (Figures 6J1–6J3, arrowheads), Pl10+ (Figures
6K1–6K3, arrowheads), and PCNA+ (Figures 6L1–6L3, arrow-
heads) in cells within the colony vasculature, similar to the
stem cell distributions found during 6–10 hr window of blasto-
genic stage D.
Conversely, knockdown of Piwi did not lead to aberrant
morphology (Figure S6A) or differences in the expression
of structural genes (submembrane b-catenin+, cadherin+,
laminin+, and actin+; Figures S6B–S6E, respectively) within
the endostyle and CIs. Piwi knockdown colonies sustained
normal blastogenesis; developed primary and secondary
palleal buds, albeit at a slower pace; and progressed through
the takeover phase similar to control ramets. However, Piwi+
cells were absent from mature and developing CIs (Figure 7A).
Likewise, reduced numbers of Vasa+ (Figure 7B), Pl10+ (Fig-
ure 7C), and PCNA+ (Figure 7D) cells were recorded within
mature and developing CIs and from the circulation of Piwi
knockdown colonies.
We then checked if absence of Piwi+ cells would alter regener-
ation. Botryllid ascidians commonly regenerate adult zooids
from peripheral blood vessels following their separation from
the colony; a process termed WBR (Oka and Watanabe, 1957,
1959; Rinkevich et al., 1995, 2007b, 2010; Voskoboynik et al.,
2007; Brown et al., 2009). Surgically separated blood vessels
from RNAi-treated B. leachi colonies showed a decline in Piwi+82 Developmental Cell 24, 76–88, January 14, 2013 ª2013 Elsevier Inc.cell numbers by an order of magnitude,
from 1,073 cells/mm2 of same-stage re-
generating controls to 77 cells per square
millimeter (Figures 7E and 7F; compare toFigure 7F0). RNAi-treated blood vessels exhibited morphological
events that were stereotypic of early B. leachi WBR stages,
including shrinkage within the tunic, anastomosis with other
blood vessels, and migration of blood vessels within the tunic
to form blood vessel lacunae (Rinkevich et al., 2007b; Brown
et al., 2009). However, regenerating buds were completely
absent from RNAi-treated vessels, and functional zooids were
never formed (Figure 7G; compare to Figure 7G0). Histological
analyses revealed multiple sites within the vasculature in which
buds normally regenerate but which were devoid of buds (Fig-
ure 7H; compare to Figure 7H0; buds usually appear from
days 3–4).
We conclude that, while cadherin is essential in confining
putative stem cells to the CIs (its loss is concurrent with the
early dislocation of stem cells from the niche and their re-
trafficking to the colony circulation), Piwi knockdown results in
colonies deficient in functional stem cells, leading to regenera-
tion arrest.
DISCUSSION
Stem cell niches are defined as anatomical compartments that
harbor and maintain stem cells and regulate their fates in vivo
via specific spatiotemporal inputs (Jones and Wagers, 2008).
This anatomical site may codevelop either with sustained stem
cells or through ontogeny, independent of host stem cells
(Morrison and Spradling, 2008). It has been suggested that, in
botryllid ascidians, stem cells mediate a myriad of biological
events, including aestivation, hibernation, blastogenesis, take-
over, colonial chimerism, somatic and germline parasitism, and
diverse regeneration phenomena (Oka and Watanabe, 1957,
1959; Pancer et al., 1995; Rinkevich et al., 1995, 2007b, 2010;
Stoner et al., 1999; Lauzon et al., 2002; Voskoboynik et al.,
2007; Brown et al., 2009) and serve as evolutionary units of
natural selection (Weissman, 2000; Laird et al., 2005). While
the life span of botryllid colonies may exceed several years
Figure 6. Cadherin RNAi Leads to Disloca-
tion of Putative Stem Cells from the Niche
(A) Reduction of Cadherin protein within EN and
CIs of Cadherin RNAi treated colonies (arrow-
heads).
(B) Hematoxylin and eosin stain showing scattered
cells resulting from disorganized morphology of
EN and CI (arrowheads).
(C) PCNA protein is expressed within scattered CI
cells (arrowheads).
(D) Oct4 protein is expressed within scattered EN
cells (arrowheads).
(E–H0) Putative stem cells are lost from CIs of
Cadherin RNAi treated colonies. Compare (E)–(H)
to control colonies (E0)–(H0); Piwi protein (E and E0,
arrowheads); Vasa protein (F and F0, arrowheads);
Pl10 (G and G0, arrowheads); pSmad1/5/8 protein
(H and H0, arrowheads).
(I–L) Putative stem cells reappear in the circulation
of Cadherin RNAi treated colonies; Piwi protein
(I1–I3, arrowheads); Vasa protein (J1–J3, arrow-
heads); Pl10 protein (K1–K3, arrowheads); PCNA
protein (L1–L3, arrowheads).
Scale bars, 100 mm. See also Figure S5.
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Adult Stem Cells Cycle between Niches(Rinkevich et al., 1992; colonies ofBotryllus schlosseri have been
maintained under laboratory conditions for up to 13 years
[A.V. and K.J.I., unpublished data]), each zooid within the colony
cycles on a weekly basis and is resorbed by a colony-wide
apoptotic and phagocytic wave (Lauzon et al., 1992). This
portrait of a transient soma (possessing transient stem cell
niches) should reflect both the status and strategy of the adult
stem cells, disparate from other model cases. In the Drosophila
testis (Leatherman and Dinardo, 2010), somatic stem cells main-
tain long-term supportive capacity for germline stem cells. Here,
we propose an alternative mechanism in which germline and
somatic stem cells continuously migrate (on a weekly basis)
between aged or damaged niches to newly formed niches as
a means of facilitating their long-term fates (see Graphical
Abstract).
This cellular migration from CIs to CIs through the vasculature
at stage D is mimicked in colonies where cadherin expressionDevelopmental Cell 24, 76–8has been silenced, suggesting that the
migration mechanism of putative stem
cells into new niches may be regulated,
or partly regulated, through cells that
use calcium-dependent adhesions. The
simplest model of this is that without
cadherin-mediated cell:cell adhesions,
the architecture of the niche is disrupted,
allowing formerly bound stem cells to
escape.
Within CIs, stem cells and their descen-
dants proliferate (as judged by PCNA
expression and decrease in DiI label
over time) and express a panel of stem
cell-associatedmarkers (Piwi, Vasa, alka-
line phosphatase, Nanos [Sunanaga
et al., 2008], Pl10) indicative of germline
stem cells. Both germline chimerism (thepresence of germ cells within gonads, derived from more than
a single individual) and germline parasitism (takeover of host
gonads by foreign germ cells; Sabbadin and Zaniolo, 1979; Rin-
kevich et al., 1992; Pancer et al., 1995; Stoner and Weissman,
1996; Stoner et al., 1999) commonly follow vascular fusions
between genetically distinct colonies and are presumed to
involve circulating germline stem/progenitor cells. Indeed,
in vivo tracing of CI cells revealed Vybrant DiD labeling within
both male and female gonads of the colony. Furthermore, our
CI transplantation induced long-term germline chimerism in all
sexually mature recipient colonies, demonstrating CIs as the
site of origin for germline stem cells. In some of these CI-trans-
planted colonies, somatic chimerism was also detected; all
somatic samples include CIs, which could be the origin for
the somatic chimerism detected. CIs also activate several
signaling pathways (JAK/STAT, BMP, FGF, MAPK, PKC, Ras
oncogene, and Slit/Robo), highlighting this tissue as signaling8, January 14, 2013 ª2013 Elsevier Inc. 83
Figure 7. Piwi RNAi in B. leachi Colonies Leads to Depletion of Stem Cells Markers within CIs and the Colony Circulation and Regeneration
Arrest
(A–D0) CIs of RNAi treated (A–D) and control colonies (A0–D0); Piwi protein (A and A0); Vasa protein (B and B0); Pl10 ptotein (C and C0); PCNA protein (D and D0).
(E) Diagram depicting a decline in Piwi+ cells within the circulation of RNAi treated fragments (E).
(F–H0) RNAi treated (F–H) and control (F0–H0) regenerating fragments at 16 days postseparation. Piwi+ cells are absent from RNAi treated fragments (F) compared
to same-stage regenerating controls which show a systemic distribution ofPiwi+ cells withinmultiple sites (F0). A 16 day RNAi treated fragment displaying a blood-
vessel lacunaewith absence of a regenerating zooid (G). A same stage regenerating control fragment displaying a regenerated zooidwith incurrent and outcurrent
siphons (G0, arrowhead). Hematoxylin and eosin staining shows absence of developing buds in RNAi treated fragments (H) and two developing buds in same-
stage controls (H0, arrowheads).
Scale bars, 100 mm. See also Figure S6.
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Adult Stem Cells Cycle between Nichescenters that possibly instruct stem cells to other progeny
routes. In agreement with this, in vivo DiI-labeled cells origi-
nating from the EN migrated to CI niches and contributed to
numerous colony sites during blastogenesis, including siphon,
branchial sac, ampullae, and blood vessels in addition to their
participation in populating new CIs and the germline. At the
end of each blastogenic cycle (1 week), putative stem cells
are not consumed by the apoptotic wave but continue their
journey through the colonial vasculature to newly developed
CI sites of the next zooidal generation, in weekly and cyclic
routes (followed in the present work for up to four blastogenic
cycles). Still, the number of CI niches within a colony is an
outcome of the number of zooids and emerged palleal buds
in each blastogenic cycle, so the decision of a defined stem
cell as to which specific CI it homes or to which colony region
it contributes is still unknown. Indeed, colonies transplanted
with CI cells display chimerism after 98 days within some but
not all zooids and may account for a selective migration of84 Developmental Cell 24, 76–88, January 14, 2013 ª2013 Elsevier Instem cells. In solitary tunicates, migration of neural precur-
sors during the metamorphic transition from larva to adult
has recently been documented to account for the origin of
the adult central nervous system cells (Horie et al., 2011),
implying stem cell migrations as a possible adaptive mecha-
nism that facilitated the life history transitions (metamorphosis,
blastogenesis, WBR, and the resurgence from hibernation/
aestivation).
The complex system of repeated migrations of putative stem
cells between niches, as emerged in the botryllid ascidians
system, is an efficient tool allowing stem cells to escape senes-
cence imposed by the short somatic life span of individual
zooids, thereby enabling their continuous propagation and func-
tion in somatic/germline generation and regeneration throughout
the organism’s life. The identification of the exact cells within CIs
that have repopulating activities would require transgenic assays
for genetic lineage tracing and/or generating antibody libraries
against surface molecules for its use in flow cytometry, both ofc.
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Adult Stem Cells Cycle between Nicheswhich are currently unavailable in botryllid ascidians, and we
hope to be able to address it in the future. Characterization of
the CI niche, including the identities of resident stem cells, their
varied differentiation routes, and migration mechanisms will
most likely contribute to our understanding of the variations
(and commonalities) in stem cell systems portrayed within the
animal kingdom.
EXPERIMENTAL PROCEDURES
Colony Development and Husbandry
Colonies of Botryllus schlosseri and Botrylloides leachi were collected
from shallow waters along the Monterey Bay marina (Monterey, CA, USA)
and the Israeli Mediterranean coast, respectively, and were carefully peeled
off the underlying surfaces of stones with industrial razor blades. To minimize
tissue damage of B. leachi, colonies collected from the wild, each peeled
sample included an attached thin layer of calcareous substrate. Isolated
colonies were individually tied with fine cotton thread onto 5 3 7.5 cm glass
slides and cultured in 17 l tanks in a standing seawater system at 20C.
Within several days, the colonies glided, completely or partially, from their
original calcareous substrate onto the glass slides. Colonies and their
substrates were cleaned weekly with industrial razor blades and fine
brushes.
The Endostyle
The endostyle is a longitudinal ciliated feeding groove of right and left
symmetrically opposed halves that extend anteroposteriorly on the ventral
wall of the pharynx and lines the pharyngeal midline ventral floor of all extant
tunicates, cephalochordates, hemichordates, and the larvae of ammocetes
(Rychel et al., 2006). While its traditional function in tunicates is secreting
mucus that traps food particles, the complex morphological and cellular
structures of the endostyle suggest more than just a mucus-processing
organ (Compere and Godeaux, 1997). The endostyle harbors specialized
secretory cells that bind iodine (Thorpe and Thorndyke, 1975), and these
may represent the primitive antecedent to the vertebrate thyroid gland
(Rychel et al., 2006). In botryllid ascidians (Figures 1A and 1B), the endostyle
develops as a rod-shaped grooved ridge 0.7 mm long and 75 mm in diameter,
running the length of the zooid and forming a seam along the ventral margin
of the pharyngeal basket with a connection to the pharynx via a duct. With itsHomolog Name 50 Primer
STAT 50-AGACTCAGCTCCGCGTTTG-30
Slit 50-GGTTAATCGGCAGTCGCAAAG-30
Rap1A 50-CTGTTAGGGCTGAGCATCATAG-30
Rab33 50-CGCAATATTAGTGTCCACATGG-30
RAR 50-TCGACGCTTTCGGGCATAC-30
Raldh 50-AGAATTTCCTTGGAGCTTGG-30
Mnk2 50-ATGTGGTGAGGATTGTGGATG-30
Trsp 50-GGTGTGGTGGATCTCTCATTC-30
Piwi 50-CATGGTCGGTGGAAACAAGG-30
Bax inhibitor 1 50-AAATGAAATCTATGGCACAGCG-30
Vasa 50-TTCCAAGGACGGCACGTTGG-30
Cadherin 50-AGACGTCAAGCGGCTATGAT-30
Pl10 50-CTTGTCGATCTCCTGATGGA-30
Actin 50-GAAATCGTGCCGTGACATCAAAG-30
RACK 50-CCATTGCGGACGAAGGTCATAG-30
Cnot 50-TTCTCCGTAACGATTCAACTTG-30
vWF 50-GTTAGGAGTGTCGCTGCAGGAG-30
Ficolin 50-TGGTCTCGGCGCAATTTC-30
Develongitudinally ciliated and glandular tracks, this organ has been classically
defined on the cross-section plane by seven pairs of distinct functional units
called ‘‘zones’’ (Burighel and Cloney, 1997) termed z2–z8; numbered bilater-
ally from the midventral most zone (z1) and extending dorsolaterally (Figure 2).
A ninth zone (z9) lateral to z8 has occasionally been described, as well as
subdivisions of zones into additional subzones, but are not represented
here. The eight pairs of endostyle zones include three supporting zones
(z1, z3, and z5; Figure 2U), three pairs of glandular zones (zones z2, z4,
and z6), and two pairs of iodine-binding zones (Burighel and Cloney, 1997;
z7 and z8; Figure 2U). All endostyle zones are bathed in a large blood sinus
(Burighel and Brunetti, 1971). The subendostylar sinus is located beneath the
anterior ventral region of the endostyle zones z1 and z2, termed the EN (Vos-
koboynik et al., 2008).
Regeneration Assay
Under a dissecting microscope, marginal ampullae and fragments of
blood vessels were separated from colonies of B. leachi growing on glass
slides with an industrial razor blade and a fine tungsten needle. Then,
dissected colonies were removed from the slides and attached on to other
slides. The leftover blood vessel fragments were cut into smaller fragments
with a fine tungsten needle and left to regenerate in Petri dishes con-
taining filtered seawater. Fragments were monitored daily under a dissecting
microscope and photographed with a Supercam camera (Applitec, Holon,
Israel).
In Situ Hybridization
B. leachi and B. schlosseri colonies were fixed overnight in 4% paraformalde-
hyde, gradually dehydrated in methanol (70%–100%), embedded in paraffin
wax, and cut into 4 to 5 mm sections. Sequence-specific primers that were
used to obtain sense and antisense DIG-labeled RNA probes are listed below
and were synthesized using DIG RNA labeling kit (SP6/T7, Roche). Hybridiza-
tion of probes to tissue sections was performed according to Breitschopf et al.
(1992) for paraffin-embedded tissues. DIG-labeled RNAs on samples were
revealed using anti-DIG antibody (Roche). Samples were observed under
a Leica DMIRE2 inverted microscope and photographed with a Leica FX300
camera.
Primers Used for Generating DIG RNA-Labeled Probes
Listed below are the 50 and 30 primer sets used to generate the DIG RNA-
labeled probes.30 Primer Sequence Length
50-AATCATTTGGCAGAACGGAC-30 454 bp
50-GGCCTCAATAAATTACGTGTGC-30 453 bp
50-TGGCAAGACAATGGAATAACTG-30 174 bp
50-TCCTACTCGAACTGAAGCCAC-30 316 bp
50-AAGACGGCAAAGCGGGAGAG-30 808 bp
50-ACCCTGTTCAATGTCGCTG-30 337 bp
50-AATCGTGAATGTGGCTGAAGAC-30 475 bp
50-GTGTCTTCGGCAGGCAAATC-30 336 bp
50-AAACGCAGCGACGGACCTTC-30 571 bp
50-TGACTGCCTTTATGACAACCTC-30 578 bp
50-ACGTTTGATTGAACACACGG-30 576 bp
50-CCCTTCGTATAACATACCGG-30 450 bp
50-GAGCCTTCCAGGTTACGCAAG-30 576 bp
50-GCGGTGATTCCCTTCTGCATAC-30 338 bp
50-AAAGCGTTTGCCCATCTGATG-30 477 bp
50-GGGTATTTGTCATGTTTCTTGC-30 469 bp
50-GATGCTGTCCCGAATACGAGTG-30 320 bp
50-AAGACGCGAAGCTGTGCAATG-30 450 bp
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B. leachi and B. schlosseri colonies were fixed in Bouin’s solution for 1–2 hr,
dehydrated in graded ethanol series (70%–100%) and butanol, and embedded
in paraffin wax. Serial cross-sections (4–5 mm) were cut by hand-operated
microtome (Leica, Nussloch, Germany) and stained with alum hematoxylin
and eosin for general morphology.
For immunostaining, sections were attached to SuperFrost Plus micro-
scope slides (Menzel-Glazer) and dewaxed, and its antigen was retrieved
(microwave, 480 W, 30 min in 10 mM citrate buffer [600 ml, pH 6.0]). After
a 5 min cooling period, 1 l of distilled water was added, and the slides were
incubated for additional 10 min at room temperature, followed by several
washes with Tris-buffered saline (TBS). Nonspecific binding sites were
blocked by incubation in 1% bovine serum albumin (BSA) (MP Biomedicals)
in 50 mM TBS for 14–16 hr at room temperature. The slides were washed
with TBS for 5 min and stained with one of the following antibodies for 2 hr
at room temperature followed by 14–16 hr incubation at 4C: rabbit anti-Bl-
Piwi polyclonals (1:6,000 in TBS containing 1% BSA); rabbit anti-Bs-Pl10
polyclonals (1:4,000 in TBS containing 1% BSA); rabbit anti-PCNA mono-
clonal (Santa Cruz; 1:100 in TBS containing 1% BSA); rabbit anti-phosphory-
lated Smad 1/5/8 polyclonals (Cell Signaling; 1:200 in TBS containing 1%
BSA), rabbit anti-phosphorylated Smad 2 polyclonals (Cell signaling; 1:200
in TBS containing 1% BSA), rabbit anti-Oct 4 polyclonals (Cell signaling;
1:100 in TBS containing 1% BSA), rabbit anti-Flg (FGFR) polyclonals (Santa
Cruz; 1:100 in TBS containing 1% BSA), or rabbit anti-actin polyclonals (Santa
Cruz; 1:100 in TBS containing 1% BSA). After washing with TBS for 5 min3 3,
alkaline phosphatase-conjugated goat anti-rabbit (Jackson Laboratories;
1:10,000 in TBS containing 1% BSA) was added as secondary antibody.
Sections were incubated for 1–1.5 hr and washed with TBS for 5 min 3 3.
Staining reaction used a BCIP/nitro blue tetrazolium color solution. For fluo-
rescent staining, Cy2 or Cy3-conjugated goat anti-rabbit antibodies were
used (Jackson Laboratories; 1:100 in TBS containing 1% BSA). For detection
of nuclei, DAPI was dissolved in TBS to a concentration of 200 mg/ml and was
incubated with slides for 10–15 min followed by an additional 5 min wash.
Control and experimental sections were mounted with Hydromount (National
Diagnostics) or Fluoromount-G (SouthernBiotech) and photographed with
Leica FX300 camera.
Cell Counting in CI Niche and CIs
Subclones of B. schlosseri colony systems at blastogenic stages A–D (four
colonies per blastogenic stage, three to four zooids per colony) were fixed
and then embedded in paraplast. Serial sections of 10 mm were placed on
microscopic slides in sequential order and stained with alum hematoxylin
and eosin for general morphology. Cell counting within CI niches included CI
and surrounding circulating blood cells.
DiI Staining of Botryllus Blood Cells
CellTracker CM-DiI (Molecular Probes; C7000) was used for labeling
B. schlosseri blood cells as it shows no cytotoxicity, has a photostable fluores-
cence, stains entire cells without leakage (Y.R. and C.R., unpublished data),
and remains stable after fixation and paraffin-embedding procedures.
Stock solutions (50 mg/ml) were prepared by dissolving CM-DiI in ethanol,
according to the manufacturer’s protocol. Immediately before usage, a 1 to
2 ml DiI stock solution was diluted in 1 ml TCM containing Botryllus blood cells
and incubated for 10–15min at room temperature, andwas then further diluted
in 13 ml tunicate culture medium (TCM) to wash excess stain. Labeled cells
were further centrifuged at 1,500 rpm for 15 min. The supernatant was fully
removed, and the pellet was resuspended in 20–40 ml TCM. Stained blood cells
were visualized under a fluorescent microscope (Olympus BX-50, Hamburg,
Germany) equipped with an excitation filter of 55 0nmwavelength and a barrier
filter of 579 nm.
Alternatively, blood cells were drawn from Botryllus at the base of 13 blasto-
genic stage C zooidal endostyles (a total of 4,600 cells) and stained with DiI.
Cells were washed in TCM (to dilute any unbound label) and injected into the
ampullae of recipient stage CBotryllus colonies (16 zooids). As a control, blood
cells were drawn from the ampullae of stage C Botryllus colonies (6,700 cells),
stained with DiI, and injected into the ampullae of recipient stage C colonies
(48 zooids, three colonies). Colonies where monitored for three to four con-
secutive blastogenic generations.86 Developmental Cell 24, 76–88, January 14, 2013 ª2013 Elsevier InInjections of Botryllus Blood Cells
Recipient colonies were precleaned and immersed in filtered seawater
(0.2 mm). Labeled cells were drawn into a glass capillary tube (KIMBLE Prod-
ucts, KIMAX-51, USA) prestretched using a capillary-stretcher apparatus (Nar-
ishige, Japan) and injected (10 ml volume per injection) intra-ampullae into
a firmly attached subclone-recipient colony using a manual microinjector
and micromanipulator (Narishige, Japan). Visualization of labeled cells inside
the recipient colony was confirmed using a fluorescence microscope
(Olympus BX-50).
In Vivo Vybrant DiD Fluorescent Cell Labeling Assay
We used Vybrant DiD, a carbocyanine lipophilic membrane fluorescent stain
(emission, 665 nm; Molecular Probes, Eugene, OR, USA) for in vivo cell
labeling. Vybrant DiD was diluted in a tunicate saline buffer (TS; Negm
et al., 1991) and used to label cells in one of the sites: ENs, CIs, and
ampullae. From the EN, we collected cells that were located on the anterior
ventral region of the endostyle epithelium (mainly lymphocyte-like cells
from the subendostylar sinus). Some Botryllus colonies have high natural
fluorescent backgrounds in the 501 nm and 565 nm emissions spectra
(Fitc and Dsred) and a low background in the 665 nm emission spectra
(Cy5). Therefore, we chose the Vybrant DID dye (Cy5), which diffuses laterally
to stain the entire cell and fluorescents weakly until incorporated into
a membrane. This dye does not leak from cell to cell, shows little or no
toxicity, and is stable for at least 120 hr. Thirty hours following labeling, cells
that originated in the endostyle niche lost 80% of their fluorescence in-
tensity. At this time frame, cells from the ampullae did not lose their
fluorescence intensity. The constant fluorescence and no proliferation and
expansion of labeled cells in the ampullae negate the possibility of leaking
of the lipophilic dye from labeled cells to other cells. We therefore conclude
that no intercellular transfer of stain between cells occurred in our experi-
ments and that proliferation of EN labeled cells observed is due to cell
proliferation.
Vybrant DiD Labeling of CIs Cells
Cells were labeled in situ using Vybrant DiD dye solution (emission 665 nm;
Molecular Probes) in three colonies in the zooid anterior CI. One to two CIs
were labeled per every studied zooid, and two to four zooids were labeled in
each experimental colony. Colony #1 at the time of labeling was at blastogenic
stage A and comprised 14 zooids; CIs in four different zooids were labeled.
Colony #2 at the time of labeling was at blastogenic stage B and comprised
nine zooids; CIs in four different zooids were labeled. Colony #3 at the time
of labeling was at blastogenic stage B and comprised eight zooids; CIs in
two different zooids were labeled.
Imaging
Time-lapse imaging was performed by automated microscopy
(ImageXpress, Molecular Devices Corporation, Palo Alto, CA, USA). Phase
contrast images were taken every 30 min at 103 magnification for several
days. Image acquisition, processing, and analysis were performed with the
Leica MM AF Intergrated Imaging System (Leica, Microsystems Inc.).
Following labeling, phase contrast images and fluorescent images (cy5,
maximum emission at 670 nm) at varying magnifications were performed
every 1–2 days during the first 6 days following labeling and every
4–5 days thereafter (days 6–15).
RNAi Treatment
Custom designed siRNAs were purchased from Ambion (http://www.ambion.
com) based on two regions from the full-length sequence of Piwi. siRNA
sequence 295169: Sense: GGUGGACUAUUCUUGAAUAtt, Antisense: UAUU
CAAGAAUAGUCCACCtt. siRNA; sequence 295170: Sense: CCAUCAGUUUC
UUUGACUAtt, Antisense: UAGUCAAAGAAACUGAUGGtt, in addition to an
unrelated control siRNA. Subclones from different B. schlosseri genotypes
were soaked for 4–10 days in 50 ml filtered seawater containing 20 nM
siRNAs. Fresh medium containing 20 nM siRNA was changed every
other day until termination of the experiment. All RNAi treatments were
done in a 20C culture room. Colonies were monitored daily under a dis-
secting microscope and photographed with a Supercam camera (Applitec,
Holon, Israel). Sequence-specific siRNAs against cadherin was designed asc.
Developmental Cell
Adult Stem Cells Cycle between Nichesfollows: CAD127s 50-AATGGACATAGATCTGTCGGTCCTGTCTC-30 and
CAD127a 50-AAACCGACAGATCTATGTCCACCTGTCTC-30; CAD2686s 50-AA
TAACATACCGGCGAGACGACCTGTCTC-30 and CAD2686a 50-AATCGTCTC
GCCGGTATGTTACCTGTCTC-30; CAD1000s 50-AAATAGTTGAGATCGTCGC
CGCCTGTCTC-30 and CAD1000a 50-AACGGCGACGATCTCAACTATCC
TGTCTC-30; CAD726s 50-AAACAGGATCCTCAGTTGGATCCTGTCT-30 and
CAD726a 50-AAATCCAACTGAGGATCCTGTCCTGTCTC-30; Control5 50-AA
CCATCTGCTAATCTGTAACCCTGTCTC-30 and Control3 50-AAGTTACAGAT
TAGCAGATGGCCTGTCTC-30.
Transplantation Experiments
Tested tissues (CIs or ampullae) were dissected from donor colonies
(blastogenic stage A or B) and transplanted into the recipient colony zooids
(blastogenic stage A). Tissue dissections and transplantations were performed
under a Wild Heerbrugg microscope, model 160272.
Genotyping
Somatic and germline tissues (when available) were collected at intervals,
1 to 4 months following transplantation (colonies were starved for at least
16 hr prior to sample collections). Samples were dissected and flash frozen
in liquid nitrogen. DNA was extracted, and the samples were screened for
specific genotype fingerprints using AFLP typing. DNA samples from
transplanted subclones were compared with DNA samples of donor and
recipient. To ensure consistency of AFLP fingerprints, some experiments
were repeated twice. For the initial amplification, two different primer sets
were used for each sample from the following options: EcoRI tag/MseI
agg, EcoR1 tcg/MseI aga, EcoRI tcg/MseI agg, and EcoR tag/MseI act. We
concluded that individuals have a ‘‘genetic chimerism’’ when the AFLP
revealed the presence of the amplified fragments or genetic markers (DNA
fingerprints) of the donor.
Microsatellite Assay
Microsatellite reactions were carried out in Illustra Hot Start Ready-To-Go PCR
Beads (GE Healthcare #28-9006-53). Each bead contains 2.5 U PuReTaqDNA
polymerase, 10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl, 200 mM each of
dNTP and BSA. Fluorescent labeled primers were synthesized by Operon
Technologies.
Primers were synthesized and used pairwise as follows:
PB29F (6-FAM):TTGTGTGGGGCGACGCTT, PB29R; GGAACTCGCAAT
CCACTG
811F (NED): TCAACTCGATGGACT, 811R: CGACATTGTGGGCGAGTAC
PB49F(VIC):GGAGACATGTTACTGTGTACTGCG, PB49R;TATCGCTCCA
AGTTGACTTGG
PB41F(PET):CACGTATCGGTACCGAGTTGTCTG, PB41R:CTTATTCTGA
ACTTGATTTCATTGTGCG
Illustra beads were reconstituted with H2O to 25 ml final volume, 1.0 ml/10 mM
of each primer per primer pair, and 50 ng template genomic DNA. Amplification
was completed on an MJ Research Thermal Cycler PTC-200 as follows: Initial
denaturization for 5 min at 95C, followed by 36 cycles of 95C for 1 min, 56C
for 1 min, 72C for 1 min, followed by a final extension of 72C for 30 min.
Five microliters of the PCR product from each primer set was combined in a
single well in a 96-well plate and sent to MCLAB (San Francisco, CA, USA)
for microsatellite analysis.
The fluorescent labeled PCR products were sequenced by MCLAB. DNA
from most of the samples was amplified and run in duplicates (or triplicates)
to validate repeatability. The similarities between duplicated fingerprints
were found to be higher than 98%.
Each individual colony was typed by twoMicrosatellite loci. Allele identifica-
tion and genotyping were determined directly from the electropherogram
using GeneMarker (Soft Genetics, State College, PA, USA).
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